A pronounced snowfall maximum occurs about 30 km downwind of Lake Ontario over the 600-m-high Tug Hill Plateau (hereafter Tug Hill), a region where lake-effect convection is affected by mesoscale forcing associated with landfall and orographic uplift. Profiling radar data from the Ontario Winter Lake-effect Systems field campaign are used to characterize the inland evolution of lake-effect convection that produces the Tug Hill snowfall maximum. Four K-band profiling Micro Rain Radars (MRRs) were aligned in a transect from the Ontario coast onto Tug Hill. Additional observations were provided by an X-band profiling radar (XPR). Analysis is presented of a major lake-effect storm that produced 6.4-cm liquid precipitation equivalent (LPE) snowfall over Tug Hill. This event exhibited strong inland enhancement, with LPE increasing by a factor of 1.9 over 15-km horizontal distance. MRR profiles reveal that this enhancement was not due to increases in the depth or intensity of lake-effect convection. With increasing inland distance, echoes transitioned from a convective toward a stratiform morphology, becoming less intense, more uniform, more frequent, and less turbulent. An inland increase in echo frequency (possibly orographically forced) contributes somewhat to snowfall enhancement. The XPR observations reproduce the basic vertical structure seen by the MRRs while also revealing a suppression of snowfall below 600 m AGL upwind of Tug Hill, possibly associated with subcloud sublimation or hydrometeor advection. Statistics from 29 events demonstrate that the above-described inland evolution of convection is common for lake-effect storms east of Lake Ontario.
Introduction and background
The region east of Lake Ontario (Fig. 1a) receives some of the largest seasonal snowfall totals in eastern North America. Annual average snowfall exceeds 450 cm (e.g., Eichenlaub and Hodler 1979; Burt 2007; Hartnett et al. 2014; Veals and Steenburgh 2015) . Much of this snowfall is produced by lake-effect storms. These storms can produce snowfall rates that are among the most intense in the world, including 30.5 cm in 1 h at Copenhagen, New York, and 129.5 cm in 16 h at Bennett's Bridge, New York (Burt 2007) .
Annual average (and frequently storm total) snowfall in this region has a distinct maximum over the 600-mhigh Tug Hill Plateau (hereafter Tug Hill; Fig. 1 ) 20-30 km east of Lake Ontario (Eichenlaub and Hodler 1979; Reinking et al. 1993; Burt 2007; Hartnett et al. 2014; Veals and Steenburgh 2015) . This study uses observations from the Ontario Winter Lake-effect Systems (OWLeS) field campaign to better understand how the inland evolution of lake-effect clouds produces the Tug Hill snowfall maximum.
a. Lake-effect snow: Environmental controls and mesoscale morphologies Lake-effect snow is produced when cold air is advected over a relatively warm lake surface. If the lake-air temperature difference is sufficient, turbulent sensible and latent heat fluxes moisten and destabilize the boundary layer, leading to the formation of shallow, but often intense, convective clouds and snowfall. Lake-effect convection exhibits multiple modes of mesoscale organization, including widespread cellular convection, widespread wind-parallel linear roll circulations, localized wind-parallel bands, and localized mesoscale vortices (Hjelmfelt 1990; Niziol et al. 1995; Kristovich and Steve 1995) . The crucial environmental factors determining the mode of organization include the lakeinduced convective available potential energy (CAPE), the lake-land temperature difference, the height of the boundary layer capping inversion, the low-level wind speed and direction, the wind-relative geometry of the lake, and the geometry of nearby topography (e.g., Hjelmfelt 1990; Niziol et al. 1995; Onton and Steenburgh 2001; Laird et al. 2003a,b; Laird and Kristovich 2004; Alcott and Steenburgh 2013) .
The most intense lake-effect snowfall usually occurs when the prevailing winds are oriented along the long axis of an elongated lake. In this case, land-breeze circulations can organize convection into a single windparallel band of strong horizontal convergence and intense snowfall (Peace and Sykes 1966; Passarelli and Braham 1981; Hjelmfelt and Braham 1983; Hjelmfelt 1990; Reinking et al. 1993; Niziol et al. 1995; Steiger et al. 2013) . We refer to these as long-lake-axis-parallel (LLAP) bands, following Steiger et al. (2013) .
1 LLAP bands generally have a horizontal width of 5-50 km and a length of 50-200 km (Peace and Sykes 1966; Reinking et al. 1993; Niziol et al. 1995; Steiger et al. 2013) . The line of horizontal convergence and vertical motion associated with LLAP bands is often less than 5 km wide, much narrower than the band of snowfall (Peace and Sykes 1966; Reinking et al. 1993; Steiger et al. 2013) .
Although the dynamical cause of lake-effect snow is convective instability, lake-effect cloud morphologies can be stratiform or convective in character. Broadly, clouds classified as convective have updrafts strong enough to loft ice and snow particles (exceeding ;1 m s 21 ), high spatial and temporal variability, and supercooled water droplets that facilitate hydrometeor growth by collection. In contrast, stratiform clouds have weaker updrafts, reduced horizontal and temporal variability, and a dominance of depositional growth of ice crystals [see Houze (1997 Houze ( , 2014 ]. Lake-effect convection often contains convective regions of localized strong horizontal convergence and high reflectivity adjacent to stratiform regions with weaker convergence and more homogenous weaker echoes (Reinking et al. 1993; Steiger et al. 2013) . Presumably, these stratiform regions are generated similarly to the deep convective case: ice crystals initiated in strong convective updrafts are spread laterally and slowly precipitate to the surface, growing by diffusion in a surrounding region of weak ascent (Biggerstaff and Houze 1991; Yuter and Houze 1995b; Houze 1997 ).
b. Snowfall characteristics east of Lake Ontario
The region immediately east of Lake Ontario lies downwind of the long axis of the lake under prevailing westerly flow (Fig. 1) , an ideal location for frequent and intense lake-effect snowfall. On average, over 900 h of lake-effect snow occurs per cold season in this region (Veals and Steenburgh 2015) . The highest frequency of occurrence is in December-February (Kristovich and Steve 1995; Veals and Steenburgh 2015) , when lake-air temperature differences are large and temperatures are cold enough for snow to occur (Holroyd 1971; Niziol et al. 1995) .
Numerous studies indicate a local maximum in lakeeffect snowfall over Tug Hill, centered on its western slopes and upper elevations (Eichenlaub and Hodler 1979; Reinking et al. 1993; Burt 2007; Hartnett et al. 2014; Veals and Steenburgh 2015) . Recently, Veals and Steenburgh (2015) analyzed 13 cold seasons of daily COOP surface observations and radar imagery (from the KTYX WSR-88D; Fig. 1b ) over the Tug Hill region. They found a maximum in annual mean snowfall on days with lake-effect snow of 539 cm in north Redfield (NR), more than double the values just north of Tug Hill and on the Lake Ontario coast to the southwest (Fig. 1b) . Additionally, they found a local maximum in the frequency of radar echoes exceeding given equivalent radar reflectivity, Z e , thresholds (10 and 30 dBZ e ) over NR and central Tug Hill. During lake-effect periods, ''broad coverage'' was the most common morphology (present 84% of the time), followed by LLAP (24%). The physical mechanisms responsible for this localized snowfall maximum over Tug Hill have not been clearly discerned. All else being equal, one might expect a monotonic decrease in snowfall downwind of the lake, since the loss of surface heat and moisture fluxes should cause convection to weaken as it moves inland. Several authors have suggested that the topography of Tug Hill plays an important role in locally enhancing lake-effect snowfall (Reinking et al. 1993; Niziol et al. 1995; Veals and Steenburgh 2015) . Modeling studies have diagnosed orographic enhancement of lake-effect snowfall over the modest topography (200-500-m relief) adjacent to Lakes Michigan and Erie and the much taller topography of the Wasatch Mountains (1-2-km relief) adjacent to the Great Salt Lake (Lavoie 1972; Hjelmfelt 1992; Onton and Steenburgh 2001; Alcott and Steenburgh 2013) . Other simulations indicate that the mountains of Japan enhance snowfall from convective sea-effect clouds generated over the Sea of Japan (Murakami et al. 1994; Saito et al. 1996) . Our analysis of snowfall over Tug Hill contrasts with previous studies of orographic effects on lake-effect snow in that it relies on detailed field observations (in contrast with the above-mentioned numerical studies) and focuses on a location with modest topography (in contrast to the mountains of Japan and Utah) that is frequently affected by well-organized LLAP storms (in contrast to locations south of Lake Erie and east of Lake Michigan).
c. Possible mechanisms for the Tug Hill snowfall maximum
In this study, we use observations to clarify the mechanisms controlling the inland gradient in lakeeffect snowfall from the Ontario shoreline onto Tug Hill. Broadly, we are motivated to better understand these mechanisms, both as a fundamental science question regarding the response of shallow convection to surface forcing, and also to aid in the critical evaluation of conceptual and numerical models used to forecast these high-impact storms. Here, we focus specifically on how convective clouds evolve as they transition onto land and rise over Tug Hill. Our primary observations come from an east-west transect (black dots in Fig. 1b ) of four vertically pointing Doppler radars (described in section 2a) that measure vertical profiles of Z e and Doppler vertical velocity V R . Below, we present several hypothetical mechanisms to explain the observed inland gradient in lake-effect snowfall. Each of these is shown schematically in Fig. 2 . We also briefly note the expected observational signatures associated with each mechanism (summarized in Table 1 ).
1) OROGRAPHIC INVIGORATION OF CONVECTION
Orographic lifting by Tug Hill may invigorate lakeeffect convection, increasing updraft speeds and/or cloud depths (Fig. 2a) . This could occur if orographic lifting of the inversion layer allows convection to deepen [as illustrated in Lackmann (2011) , his Fig. 9 .21]. Idealized model simulations support this mechanism for lake-effect snow alongside Lake Erie (Lavoie 1972 ) and sea-effect snow in Japan (Murakami et al. 1994) . Alternatively, orographic invigoration can take place in the absence of any change in inversion height. This occurs over the mountains of the Caribbean island Dominica, where shallow trade wind cumuli are invigorated because of increases in cloud buoyancy associated with layer lifting and because of decreases in buoyancy dilution from entrainment associated with changes in cloud size Kirshbaum and Grant 2012; Minder et al. 2013) . If orographic invigoration is important, then with increasing inland distance from Lake Ontario, profiling radar data should show an increase in echo depth (deepening of convection), an increase in the variability of Z e and V R (stronger, more-turbulent updrafts/downdrafts), an increased frequency of V R . 0 (hydrometeor lofting by strong updrafts), and an increase in the upper quartile of Z e (larger peak convective snowfall intensity).
2) OROGRAPHICALLY FORCED INCREASES IN SNOWFALL FREQUENCY
Orographic lifting by Tug Hill may increase the frequency or horizontal size of precipitating convective cells (Fig. 2b) . If the flow is sufficiently moist and unstable, orographic lifting can trigger new convective cells and precipitation (e.g., Browning et al. 1974; Colle et al. 2008; Smith et al. 2009 ). Additionally, orographic lifting can increase the horizontal scale of clouds (Kirshbaum and Grant 2012) . A role for this mechanism is suggested by radar observations collected during the Lake Ontario Winter Storms project that indicated an increase in frequency but not intensity of echoes over Tug Hill relative to upwind locations (Reinking et al. 1993) .
Furthermore, multiyear statistics show a locally enhanced frequency of radar echoes exceeding 10 dBZ e over western and upper Tug Hill (Veals and Steenburgh 2015) . If this mechanism is important, profiling radar data should show a near-surface echo frequency that increases inland over Tug Hill. FIG. 2 . Hypothetical changes in lake-effect convection and snowfall associated with landfall and orographic forcing. Size of snowflakes represents snowfall rate. Vertical arrows represent updraft speed in clouds. Mean winds are assumed to blow from left to right. Depicted mechanisms include the following: (a) orographic invigoration of convection, (b) orographically forced increases in snowfall frequency, (c) orographic suppression of sublimation, (d) seeder-feeder enhancement, (e) convective-to-stratiform transition, and (f) hydrometeor advection. Elevated terrain is omitted from (e) and (f) to emphasize that these mechanisms do not rely on orographic forcing. TABLE 1. Predicted profiling radar signatures expected for each of the various snowfall enhancement mechanisms discussed in section 1c.
Mechanism
Predicted profiling radar signature Orographic invigoration of convection ( Fig. 2a ) Echo depth increases with inland distance Variability of Z e , V R increases with inland distance Upper-quartile Z e increases with inland distance Frequency of upward V R increases with inland distance Orographic increase in snowfall frequency (Fig. 2b) Increased echo frequency with inland distance Orographic suppression of sublimation (Fig. 2c) dZ e /dz . 0 below cloud base at upwind sites dZ e /dz reduced over Tug Hill relative to upwind Orographic seeder-feeder enhancement (Fig. 2d) dZ e /dz , 0 over Tug Hill dZ e /dz more negative over Tug Hill than upwind Convective-stratiform transition (Fig. 2e) Increased echo frequency with inland distance Variability of Z e , V R decreases with inland distance Upper-quartile Z e decreases with inland distance Frequency of upward V R decreases with inland distance Hydrometeor advection (Fig. 2f) Uncertain
3) OROGRAPHIC SUPPRESSION OF SUBLIMATION
The orography of Tug Hill may enhance surface snowfall by limiting subcloud sublimation over the terrain relative to upwind locations. Sublimation may be suppressed over Tug Hill by an increase in the relative humidity of subcloud air caused by orographic lifting or by a decrease in the depth of the subcloud layer due to elevated terrain (Fig. 2c) . Such orographic effects on sublimation are thought to be important for enhancing sea-effect snow over the mountains of Japan (Murakami et al. 1994 ) and synoptically generated precipitation over the mountains of Utah (Schultz and Trapp 2003) . If orographic suppression of sublimation is important, profiling radar data should indicate a subcloud reduction in snowfall (dZ e /dz . 0 near the surface) at upwind sites that is reduced or eliminated over Tug Hill.
4) SEEDER-FEEDER ENHANCEMENT
Orographic lifting over Tug Hill may produce shallow stratiform orographic clouds that enhance precipitation because of the seeder-feeder mechanism (Fig. 2d) . In this mechanism, seed precipitation generated aloft grows via collection of liquid water as it falls through an orographic feeder cloud (Bergeron 1965) . Model simulations suggest that this process is important in the enhancement of sea-effect snow over Japan (Saito et al. 1996; Murakami et al. 1994) . In profiling radar data, seeder-feeder enhancement should produce a low-level enhancement of Z e (dZ e /dz , 0 near the surface) over Tug Hill as a result of growth by collection in orographic clouds that exceeds any similar enhancement over the upwind sites.
5) CONVECTIVE-STRATIFORM TRANSITION
Since landfall of lake-effect convection isolates it from the surface heat and moisture fluxes that sustain it, there should be an inland reduction in the vigor of convective motions. This may produce clouds that have characteristics intermediate between convective and stratiform, analogous to the later stages of the life cycle of deep convection (Yuter and Houze 1995a) . These lessconvective clouds may be more efficient at producing surface snowfall (Fig. 2e) . For instance, a reduction in updraft strength associated with decay of convection could allow snow to fall through a weak updraft to the surface while growing within the moist core of a cloud instead of being lofted by a strong updraft and ejected into dry environmental air where it is more vulnerable to sublimation. Alternatively, increases in cloud width associated with a stratiform transition could increase snowfall frequency. The expected profiling radar signature of a convective-stratiform transition is largely the opposite of the convective invigoration, with the added expectation of increased echo frequency because of wider stratiform echoes.
6) HYDROMETEOR ADVECTION
Horizontal advection of hydrometeors may play an important role in determining the location of the snowfall maximum because of the finite time required for convection to respond to changes in surface fluxes and the finite time required for hydrometeor fallout. For instance, in the time it takes a snowflake falling at 1 m s 21 to fall 2 km, a 10 m s 21 horizontal wind could advect it 20 km inland.
Accordingly, the location of maximum surface snowfall may be displaced tens of kilometers downwind of the location of maximum surface heat and moisture fluxes or the location of maximum updraft strength (Fig. 2e) . Thus, even if convective instability or intensity maximizes near the coast, an inland precipitation maximum may occur. The expected signature of hydrometeor advection in profiling radar data is unclear, since it will depend on the details of hydrometeor trajectories and, in turn, the details of airflow kinematics and hydrometeor terminal fall speeds. This study uses observations to better constrain the role of the above mechanisms in producing inland variations in snowfall rate. Section 2 describes the profiling radar datasets and other supplementary datasets used. Section 3 presents a case study highlighting the inland transition of lake-effect convection. Section 4 places the observations in a broader context using statistics from 29 separate events. Section 5 provides discussion of how the observations relate to the above-described mechanisms. Section 6 provides a summary and conclusions.
Methods
From December 2013 to January 2014 the OWLeS field campaign (http://www.eol.ucar.edu/field_projects/ owles) studied lake-effect systems to the east and south of Lake Ontario. This multi-investigator campaign included the deployment of an instrumented aircraft, mobile X-band scanning radars, precipitation and wind profilers, surface observations, and sounding systems (Kristovich 2014) . A manuscript describing the field project and its goals is currently in review. Here, we draw on a subset of the OWLeS data to investigate the inland evolution of lake-effect snowfall in the Tug Hill region. All OWLeS-related field observations utilized here were attained from the OWLeS dataset repository maintained by the NCAR Earth Observing Laboratory (EOL) (available online at http://data.eol. ucar.edu/master_list/?project5OWLeS.)
This study utilizes observations collected along an east-west-oriented transect of four sites, stretching from the Lake Ontario shoreline to the upper reaches of Tug Hill (Fig. 1b) . The sites, from west to east, include the following: Sandy Island Beach (SIB, 75 m MSL), Sandy Creek (SC, 175 m MSL), north Redfield (385 m MSL), and upper plateau (UP; 530 m MSL). Throughout OWLeS, profiling radar observations were collected at all four sites, while, at two sites (SC and NR), surface meteorology and manual snow observations were also collected. The transect was designed to align with the axis of maximum frequency of lake-effect snowfall and sample the pronounced climatological gradient in snow accumulation that occurs from the shoreline onto Tug Hill (Veals and Steenburgh 2015) .
a. Micro Rain Radars
At each transect site, a vertically pointing Micro Rain Radar 2 (MRR; manufactured by Metek) was deployed. The MRR is a frequency-modulated continuous-wave Doppler radar with a transmit frequency of 24 GHz (wavelength of 1.24 cm; K-band) and a beamwidth of 28. Each MRR measured spectral reflectivity at 32 evenly spaced range gates, with a range resolution of 200 m.
The standard processing software provided by Metek is designed for measurement of rain (e.g., Klugmann et al. 1996; Löffler-Mang et al. 1999; Peters et al. 2002) . Maahn and Kollias (2012) developed a postprocessing algorithm for the MRR raw data that improves noise removal, velocity dealiasing, and sensitivity. Importantly, this algorithm allows for the collection of highquality profiles of equivalent radar reflectivity factor Z e , Doppler radial velocity V R , and spectral width SW in both rain and snow. We apply the Maahn and Kollias (2012) algorithm to all of our MRR data. Data are also averaged to 60-s time resolution, and data from the first two range gates are discarded as part of the postprocessing such that the first usable range gate is centered at 600 m AGL.
The duration of MRR deployment at each site is given in Table 2 . Data were collected at all sites from 6 November 2013 to 19 January 2014, a time period that includes nearly all of the OWLeS intensive observing periods (IOPs). Data were collected at SIB and NR over an extended period, allowing for a more robust statistical comparison between these sites. From 25 to 28 January 2014, three of the MRRs were collocated at NR for an intercomparison during a period that included both synoptic and lake-effect snow. The intercomparison revealed only modest (,3 dBZ e ) differences in median Z e profiles between the radars. We do not attempt any bias correction because of uncertainties associated with the short intercomparison period. As will be shown, these instrumental differences are small compared to the site-tosite differences that are the focus of this study.
b. X-band profiling radar
During all or part of four different IOPs, the University of Alabama Huntsville X-Band Profiling Radar (UAH-XPR) was deployed at SC as part of the UAH Mobile Integrated Profiling System (MIPS). The XPR is a vertically pointing Doppler radar with a transmit frequency of 9.410 GHz and a beamwidth of 1.28 (Phillips 2009 ). Data were collected with a range resolution of 50 m starting at a range of 50 m. A pulse repetition frequency of 1250 Hz was used, and 1-s average data are used for analysis. We discard data from the lowest three range gates to avoid near-field effects. Thus, the XPR provides data at 200-m range and above. As compared to the MRRs, the XPR provides data with higher vertical and temporal resolution, with higher sensitivity, and at lower levels in the atmosphere.
c. Additional observations
Surface snow measurements were collected throughout OWLeS at SC and NR. Manual measurements of accumulated snow depth and liquid precipitation equivalent (LPE) were taken at 6-h intervals (0000, 0600, 1200, and 1800 UTC) during IOPs. Measurements were made on 0.61 m 3 0.61 m snow boards that were wiped clean after each measurement. LPE measurements were taken by collecting snow samples using a Snowmetrics coring tube and weighing them. Measurements at NR were made in a clearing surrounded by dense low brush and deciduous trees located 338 m from the MRR deployment, while measurements at SC were taken in a clearing surrounded by dense forest located about 1.8 km from the MRR deployment (Fig. 1b) . Additional surface precipitation measurements were made during selected periods by the MIPS at SC. These include accumulated LPE from a hotplate precipitation gauge (Rasmussen et al. 2011 ) and measurements of hydrometeor size distribution from a Particle Size Velocity (PARSIVEL) optical disdrometer (Löffler-Mang and Joss 2000). 
Upper-air observations from radiosondes launched as part of OWLeS are used to provide thermodynamic context. We utilize data from GRAW DFM-09 soundings launched from NR, SC, and the north shore of Lake Ontario at Darlington, Ontario (43.8738N, 78.7838W).
3. Case study of an intense lake-effect storm: IOP2b
a. Overview
Here we focus on an intense lake-effect storm, OWLeS IOP2b, that was oriented along the MRR transect. The event took place primarily on 11 December 2013. During the days surrounding IOP2b, a highly amplified synoptic flow pattern included persistent deep troughing over the Great Lakes region, leading to strong surges of cold arctic air over Lake Ontario. IOP2b took place during one of these surges that began around 0000 UTC 10 December. Heavy lake-effect snowfall commenced over the MRR transect at about 0000 UTC 11 December, following the passage of an upper-level short-wave trough, and continued over the transect until about 0000 UTC 12 December, when convection shifted to the south.
An environmental sounding taken from the north shore of Lake Ontario at Darlington is shown in Fig. 3 . This was launched at 1755 UTC 11 December, near the time of heaviest snowfall at SC and NR. It exhibits a dry-adiabatic layer from the surface to about 800 hPa, with moisture well mixed below 900 hPa. Dry nearsurface air is present with a dewpoint depression exceeding 108C. The dry-adiabatic layer is overlain by a moist layer of modest stability extending to about 650 hPa, where it is capped by an isothermal layer. Winds are westerly throughout the profile, with very little directional shear. Considering a representative saturated surfacebased parcel with temperature equal to the average of the observed lake temperatures (48C) and the temperature of the lowest sounding level, the sounding implies a lake-induced CAPE of 1257 J kg 21 and an equilibrium level (EL) of 512 hPa. The unidirectional along-lake winds, substantial lake-induced CAPE, and high EL are all typical features associated with strong LLAP band formation in this region (e.g., Niziol et al. 1995) . A sounding launched from within the LLAP band at NR near this time (1727 UTC) is also shown in Fig. 3 . It exhibits nearly saturated moist-adiabatic conditions (interrupted by a shallow stable layer at 900 hPa) up to about 675 hPa because of convective transport of air warmed and moistened by surface fluxes over the lake. Saturated conditions near the ground may also be due in part to subcloud sublimation of snowfall. The convective cloud layer is capped by an inversion from about 675 to 600 hPa. The winds are similar in speed and direction in both soundings, down to the 950-hPa level. This suggests that there is minimal orographic flow deflection or deceleration (as might be expected, given the modest topography and weak low-level stratification). Thus, over land there is a strong upslope wind component to facilitate orographic uplift over the western slopes of Tug Hill.
The convective morphology varied over the course of IOP2b. Early in the event (0300-1700 UTC) convection was only loosely organized over the lake, with distinct individual convective elements (e.g., Fig. 4a ). During this period, echo coverage and meridional extent increased with inland distance over Tug Hill, suggestive of orographic initiation of new precipitation echoes or an inland increase in echo size. Late in the event (1800-2100 UTC) a pronounced LLAP band structure was observed with a narrow linear organization over both the lake and the land (e.g., Fig. 4b) . A map of the frequency of echoes exceeding 10 dBZ e on 11 December (Fig. 4c) shows that the axis of maximum frequency was oriented along the SIB-SC-NR MRR transect. Along this transect, echo frequency increased from the coastline onto central Tug Hill by about 10%, suggestive of an increase in echo size or number.
According to 6-h manual measurements (Fig. 5) , from 0000 UTC 11 December to 0000 UTC 12 December, 6.4 cm of LPE accumulated at NR, and 3.4 cm accumulated at SC. This corresponded with 102.5 cm of accumulated snow depth at NR and 47.8 cm at SC. Thus, as compared to SC, storm-total snowfall at NR was enhanced by a factor of 1.9 for water content and 2.1 for depth. This enhancement was a persistent feature throughout the duration of the storm: the ratio of 6-h accumulated LPE (depth) at NR to that at SC (Fig. 5) ranged from 1.5 to 3.2 (1.6-3.5). Manual and photographic observations of hydrometeor habits at both SC and NR (not shown) indicated aggregates of dendrites throughout most of the event. However, from 1730 to 2100 UTC, rimed crystals and graupel were frequently observed in the core of the well-organized LLAP band. No systematic differences in crystal habit or degree of riming were observed between the two sites.
Event-total accumulated LPE is estimated from the KTYX WSR-88D, using the database on the Z e -S relationship Z e 5 75S 2 , where S is the LPE snowfall rate (in mm h
21
) and Z e is the equivalent radar reflectivity factor. Snowfall rate maps are created from each 0.58 radar sweep and then aggregated to provide 24-h LPE (Fig. 4d) . This Z e -S relationship, typically used for the U.S. Intermountain West (Vasiloff 2002) , was chosen for use here because it showed better agreement with surface observations than the standard relation used over the Great Lakes region (Z e 5 180S
2 ). These radar-based estimates show a zonally elongated axis of heavy LPE along the MRR transect and a maximum near the center of Tug Hill. Estimated LPE agrees well with manual surface observations (shaded diamonds in Fig. 4d ), reproducing the gradient between SC and NR.
b. MRR observations
The transect of MRR observations characterizes the inland evolution of lake-effect convection. echoes with the highest Z e occur mostly around 1700-2100 UTC, the same period during which the convection exhibited a narrow LLAP band morphology (Fig. 4b) . Overlain on the time-height plots from SC and NR are profiles of equivalent potential temperature u e from soundings launched during the event at these two sites (e.g., Figs. 6b,c) . They show that the echoes exist in a layer that is slightly moist stable, as evidenced by the weak vertical gradient of u e . The vertical extent of the echoes is constrained by the height of the capping inversion indicated by a strong vertical gradient in u e . At SC, the deepest echoes, strongest Z e , and largest accumulation of LPE and snow depth occur at times with an increased capping inversion height (Figs. 5, 6c ).
There is no systematic increase in echo-top height with increasing inland distance. For example, the eventaveraged echo top (defined using a threshold of 4.5 dBZ e ) is 300 m lower at NR than SIB, although the difference is not statistically significant at 95% confidence (using a two-tailed Student's t test). Thus, an inland increase in depth of the convection associated with orographic uplift (e.g., Fig. 2a ) cannot explain the enhanced snowfall over Tug Hill during IOP2b. The sites near the coast (SIB and SC) show larger Z e maxima as compared to the sites on the plateau (NR and UP). Additionally, the temporal variability of Z e is also higher at the coastal sites, consistent with more vigorous convective motions at the coastal locations.
The vertical and temporal structures of Z e at each site are summarized with contoured frequency by altitude diagrams (CFADs; Yuter and Houze 1995a), which show the frequency distribution of Z e [per bin size (200 m 3 1.5 dBZ e )] as a function of height (Fig. 7) . We normalize all CFAD values by the total number of observation times in the analysis period, giving units of percentage frequency per bin size. Since the normalization (and bin spacing) is constant with height and between sites, CFAD values at different heights and transect locations can be directly compared. Superimposed on the CFADs are the corresponding profiles of median and interquartile range (IQR).
At all four sites the CFAD values generally shift toward higher Z e with decreasing height, consistent with growth of falling hydrometeors. However, at SIB, SC, and NR, there is a modest decrease in Z e below 1 or 1.2 km MSL. Additionally the total frequency of echoes maximizes in the lowest levels. The low-level vertical structure at the upwind sites is notably different than the sites farther inland: at SIB and SC, there is little change in the Z e distribution with height below about 2 km MSL, whereas at NR and UP, the distribution shifts toward higher Z e with decreasing height in this layer. Figure 8 further emphasizes the differences between the coastal and inland CFADs by directly comparing SIB and NR. The median and IQR at the two sites (Fig. 8a) suggests that snowfall intensity is similar at the two sites near the surface (;1 km MSL).
3 However, Z e increases more rapidly with decreasing height at NR, suggesting either a suppression of snow aloft or an enhancement of snow near the surface. Additionally, the IQR is substantially larger at SIB as compared to NR, a possible signature of more intense convective updrafts and downdrafts at SIB. The total frequency of echoes .5 dBZ e (Fig. 8b) shows that, above 2.5 km MSL, echoes are less frequent at NR than SIB, consistent with shallower convection. However, below 2 km, echoes are more frequent at NR (present nearly 100% of the time), suggestive of stratiform precipitation processes. The differences between the Z e distributions at the two sites are further characterized by subtracting the NR and SIB CFADs after interpolating both to a common vertical grid to give a bin-by-bin difference in the frequency of echo occurrence (Fig. 8c) . This shows an asymmetric dipole at low levels. Echoes are typically weaker at NR than at SIB, but an increased frequency of echoes weaker than 25 dBZ e at NR overwhelms the decrease in echoes stronger than 25 dBZ e such that the total echo frequency at NR is greater (Fig. 8b) . This dipole shifts to lower Z e with increasing height.
Comparing the time-height structure of Doppler radial (vertical) velocities V R at the four MRR sites also reveals along-band variations (Fig. 9) . The sign convention is such that positive (negative) V R correspond to upward (downward) motions; V R measures hydrometeor vertical motion (vertical wind speed minus the hydrometeor terminal fall speed). At SIB, V R is generally downward (21 to 21.5 m s 21 ), consistent with falling snow, since terminal fall speeds for snow are typically 0.5-1 m s 21 . A strong updraft (V R . 5 m s 21 ) occurs near 2000 UTC, coincident with one of the deepest observed echoes and the most intense Z e (Fig. 6a) . There is large variability in V R on short time scales at SIB, consistent with turbulent convective motions. With increasing inland distance, the temporal variability in V R decreases. Additionally, the frequency of hydrometeor lofting updrafts (V R . 0) increases as convection moves inland from SIB to NR (Fig. 10) . These inland variations in V R are consistent with a decrease in convective vigor and a transition toward stratiform conditions. The MRR retrievals of Doppler spectral width SW provide a measure of the variability in vertical motion of hydrometeors within an MRR range gate. This variability can be due to turbulent fluctuations in the vertical wind and/or variability in terminal fall speeds of the hydrometeors sampled. Measurements of SW also reveal an Below-ground elevations are shaded.
inland transition in structure (Fig. 11 ). At SIB, there are frequently regions of large SW (.1.5 m s
21
) throughout the depth of the echo (e.g., at 2000 UTC). These are consistent with turbulent buoyancy-driven convection. Moving inland, the variability of SW decreases, and large values become less common. This is consistent with a weakening of convective motions and a transition toward stratiform conditions. At NR and UP, the largest values of SW are typically found near the surface, suggesting that these variations may be caused in part by mechanically driven turbulence over the rough forested land surface rather than buoyant convection. 
c. XPR observations
The MIPS-XPR collected data at SC throughout the duration of IOP2b. These data provide a critical check on the vertical structures inferred from the MRR dataset, since the XPR is a more sensitive radar and operates at a different wavelength. Furthermore, the XPR provides additional details regarding the structure of precipitation because of its much higher vertical and temporal resolution and its ability to record measurements closer to the ground. The time-height structures observed by the XPR (Fig. 12) are broadly similar to the MRR results. At times, the echo tops in the XPR data are more than 500 m higher (Fig. 12a) because of the XPR's superior sensitivity that allows it to sense small ice crystals. The two radars agree well in terms of the depth and timing of the strongest echoes. The radars also generally agree in terms of the magnitude and timing of the strongest V R (Fig. 12b) . The XPR's added detail emphasizes the turbulent nature of the vertical motions.
The XPR's measurements of SW (Fig. 12c) are not directly comparable to the SW measured by the MRR; much of the subpixel variations in vertical motion measured with SW by the MRR are resolved in V R by the XPR because of its very high temporal resolution and narrower beamwidth. To aid in the comparison, we also calculate the standard deviation of the XPRmeasured V R with a sliding 1-min window s(V R ) to emphasize the resolved high-frequency variability in V R ( Fig. 12d) . Both the XPR SW and s(V R ) fields show similar structures to the MRR SW, particularly enhanced values throughout the depth of the echo during strong updrafts. Figure 13a shows the Z e CFAD for the XPR data from IOP2b. It shares much of the structure found in the MRR CFAD: minimal variation with height from 0.8 to 1.5 km MSL and decreasing Z e with height aloft. From 4434 about 0.3 to 0.8 km MSL, the XPR retrieves data where the MRR cannot. In this layer, the XPR shows Z e decreasing toward the surface, with a 5-dBZ e reduction in the median over the lowest 500 m. This could be an indication of subcloud sublimation of snow beneath cloud base. Alternatively, lofting of hydrometeors by convective updrafts and inland advection may play a role in limiting low-level Z e and snowfall rates. Snowfall generated aloft over and upwind of SC may be advected downwind over Tug Hill before falling to the surface. The median and IQR of the XPR and MRR CFADs are compared directly in Fig. 13b . Some important differences are apparent. The XPR Z e exceeds the MRRs by about 5 dBZ e from 0.8 to 1.4 km MSL. This difference decreases above this layer and reverses sign at about 2.8 km MSL. Some of this difference may be cause by radar calibration differences or nonuniform filling of the MRR's larger-resolution volume. The differing transmit wavelength l of the two radars offers another possible explanation. During IOP2b, PARSIVEL optical disdrometer measurements of hydrometeor diameter D were collected at SC by the MIPS. The disdrometer recorded median hydrometeor sizes throughout the event near D 5 1 mm. This gives approximate size parameters (x 5 pD/l) of x XPR 5 0:10 and x MRR 5 0:25 for the two radars, values near the edge of applicability for Rayleigh scattering theory (e.g., Matrosov 1992). However, during IOP2b, the upper 5th percentile of hydrometeor size often reached or exceeded D 5 5 mm. These larger particles correspond to x XPR 5 0:49 and x MRR 5 1:3, sufficiently large for nonnegligible deviations from Rayleigh scattering, particularly for the MRR (e.g., Matrosov 1992) . For these particles, more-accurate Mie theory predicts smaller scattering efficiencies relative to Rayleigh theory, with a difference that increases with x up to about x 5 2:2 (Matrosov 1992). Thus, larger departures from Rayleigh theory for the shorterwavelength MRR may explain its lower measured values of Z e relative to the XPR (and KTYX). In this context, the increasing difference between the two radars with decreasing height near the surface could result from a near-surface increase in the numbers of large hydrometeors, as might occur as a result of lowlevel aggregation.
Multistorm statistics a. MRR observations
To what extent are the observed structures from IOP2b characteristic of other storms? To address this question, we repeat the CFAD analysis for the full selection of lake-effect events observed by the MRRs located at SIB and NR. We focus on these two sites because they were instrumented for the longest duration of the four sites and sample both near-lake and upland conditions. Following Veals and Steenburgh (2015) , KTYX data are used to manually identify times with lake-effect snowfall affecting the MRR transect. Some additional times with low echo tops are added based on MRR data. We select events for analysis that have at least 4 h of lake-effect echoes measured by an MRR with gaps of less than 2 h.
The 29 events meeting these criteria and their durations are listed in Table 3 . Most of the events correspond to OWLeS IOPs, but several correspond to events that occurred before or after the main OWLeS observing period. A total of 446 h of lake-effect snowfall is included. Of this, 189 h exhibited LLAP band morphology, and 335 h exhibited less-organized broad coverage morphology (many periods exhibited both, as in IOP2b). Event durations ranged from 5 to 39 h (compared with 24 h for IOP2b).
A map of the frequency of echoes .10 dBZ e over these collected time periods indicates a maximum over the western slopes of Tug Hill centered near NR (Fig. 14) . Frequencies increase by over 15% from the Ontario shoreline to NR, suggesting a contribution of increased echo size or frequency to snowfall enhancement. However, some of this inland gradient in echo frequency may be an artifact of overshooting or partial beam filling of the KTYX radar beam, which is centered about 1 km AGL at SIB (Brown et al. 2007 ). These general structures are similar to those found in IOP2b (Fig. 4c) , although the more diverse sampling of storm positions in the multievent analysis leads to a meridional broadening of the frequency contours. Figure 15 shows profiles of median and IQR of Z e at SIB and NR for several events selected to show the variety of vertical structures observed. Many of these events share similarities with IOP2b. For instance, in IOPs 1, 3, 5, and 9, the two sites have a very similar median Z e at 1 km MSL but have different vertical gradients, showing stronger increases in Z e with decreasing height at NR than SIB. Many events also show a reduced IQR at NR relative to SIB, indicating less temporal variability at the inland site, possibly an indication of an inland reduction of convective activity. Certain events show structures distinct from those of IOP2b (e.g., IOP4, Nov10). Importantly, for all profiles shown, the median and upper quartile of Z e are never substantially stronger at NR than SIB, despite the much larger mean snowfall at NR. This provides further evidence that increases in the intensity of convection cannot explain the inland enhancement of surface snowfall.
As for IOP2b, there is no evidence for an inland increase in the depth of the convection in the multistorm statistics. This holds true for each individual event and the dataset as a whole. For both, the difference in average echo top (threshold of 4.5 dBZ e ) between NR and SIB is not significant at 95% confidence (two-tailed Student's t test).
To isolate structures in the vertical profiles that are common across most events, we create bulk (multievent) FIG. 14. Frequency of KTYX-measured echoes .10 dBZ e during events listed in Table 3 . Note: ground clutter from wind turbines and other sources adversely affects the data to the northeast of the radar. CFADs, wherein the MRR observations from all 29 events described in Table 3 are combined and compared between SC and NR (Figs. 16, 17) . The bulk CFADs share several important similarities with the CFADs from IOP2b. At NR and SIB, there is a general reduction in echo frequency with height above 1.5 km MSL (Fig. 16) . The median Z e at the two sites is similar at 1 km MSL but increases more rapidly with decreasing height at NR (Fig. 17a) . As in IOP2b, the difference between the bulk CFADs at SIB and NR shows an asymmetric dipole structure (Fig. 17c ). There is a weak reduction in the variability at NR relative to SIB as measured by the IQR (Fig. 17b) . The total frequency of echoes .5 dBZ e is somewhat greater at NR near 1 km, but aloft the frequency is greater at SIB (Fig. 17b) . Comparing the frequency of V R . 0 between SIB and NR (Fig. 18) shows that lofting of hydrometeors by updrafts is substantially less common at NR. As for IOP2b, these observations are consistent with an inland convective-to-stratiform transition, with reduced convective variability and shallower more persistent precipitation. There is also a modest decrease in echo frequency below 1 km MSL at SIB (Fig. 17b) , possibly indicative of subcloud sublimation or inland advection.
b. XPR observations
The XPR was collocated with the MRR at SC for portions of three other LLAP events in addition to IOP2b. Here, we compare MRR and XPR profiles during these periods to explore the generality of the comparison made for IOP2b. Table 4 lists the time periods considered. These periods include portions of IOPs 3, 5, and 7. We focus on times when both radars were operating. For the 7 January event, we separately analyze two periods: a period of light snow from shallow clouds on the southern margin of the LLAP band and a period of intense snow associated with the core of the band. To provide context, for each of these periods two estimates of accumulated LPE are given in Table 4 : 1) measurements from the MIPS's hotplate precipitation FIG. 15 . Median and IQR profiles from SIB and NR (as in Fig. 8a ) for select events listed in Table 3 .
gauge and 2) manual 6-h measurements from the SC snow-study station. As in IOP2b, comparing the MRR and XPR profiles for these periods reveals general agreement between the two radars in the overlapping portions of their range (Fig. 19) . Both radars show a layer of near-constant Z e with height starting near 800 m MSL and extending upward to 1-2 km MSL, depending on event. Above this layer, the distribution shifts to higher Z e with decreasing height. Most profiles show an offset between the two radars, with approximately 2-4-dBZ e higher values measured by the XPR in the 1-2-km MSL layer. All these periods also show a decrease in XPR Z e with decreasing height from 800-250 m MSL. In Fig. 19d , this layer of suppressed near-surface dBZ extends to 1 km MSL and is also apparent in the MRR data. As in IOP2b, this lowlevel suppression of Z e may relate to subcloud sublimation, hydrometeor lofting, and/or inland advection. FIG. 16 . CFADs of MRR Z e for data from events listed in Table 3 at (a) SIB and (b) NR. Table 3 at SIB and NR: (a) median and interquartile range, (b) total frequency of .5 dBZ e , and (c) difference between CFADs (NR 2 SIB).
FIG. 17. Comparison of vertical distribution of MRR Z e during events listed in
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Discussion
Comparing the above-described case study and multievent statistics with Table 1 helps to narrow the range of potential mechanisms for the Tug Hill snowfall maximum. Most notably, profiling radar observations are inconsistent with the hypothesis of downwind snowfall enhancement because of convective invigoration by orographic lifting (Fig. 2a) . With increasing inland distance, our data show (i) no systematic increase in echo depth, (ii) a shift in the reflectivity distribution toward weaker echoes above 1 km MSL, (iii) a decrease in the occurrence of hydrometeor lofting, and (iv) a weakening of turbulent fluctuations. These all point toward an inland decrease in the vigor of convection. The lack of convective invigoration might relate to the modest topography of Tug Hill that only forces weak ascent with minimal impacts on cloud buoyancy or inversion height. Alternatively, vigorous upwind convective cells may effectively remove most of the moist instability form the air before it reaches Tug Hill, limiting the ability of orographic lifting to invigorate convection. In either case, the lack of convective invigoration over Tug Hill may not be representative of lake-effect snowfall enhancement processes over taller mountain ranges (e.g., the Wasatch Mountains) where orographically forced ascent is stronger.
The implications of our observations for other potential mechanisms of snowfall enhancement are more ambiguous. The inland transition of cloud properties may be analogous to the convective-to-stratiform transition that many deep convective clouds undergo (Yuter and Houze 1995b; Houze 1997) . In certain settings, stratiform clouds are similarly or more efficient at producing precipitation as compared to convective clouds (Tao and Simpson 1989; Kirshbaum and Smith 2008; Cannon et al. 2012) . It is possible that there is a transient phase in the evolution of lake-effect convection as it moves inland and transitions toward stratiform structure when it is more effective at producing heavy snowfall (Fig. 2e ). This may be because of increases in echo number/size that enhance snowfall frequency or decreases in hydrometeor lofting that allow snow to fall to the ground within the cloud core, avoiding exposure to the sublimating effects of dry environmental air.
The results do show a modest inland increase in the total frequency of low-level (below 2 km MSL) echoes stronger than 5 dBZ e (e.g., Figs. 4c, 8b, 14, 17b) , consistent with the findings of Veals and Steenburgh (2015) . This may be caused by the above-described transition toward stratiform conditions. Alternatively, initiation of new echoes or increases in their horizontal scale could be forced by orographic uplift (Fig. 2b) . It is also possible that increased echo frequency is a manifestation of stratiform orographic clouds that enhance snowfall via the seeder-feeder mechanism (Fig. 2d) . Increases in Z e near the surface found in MRR profiles over Tug Hill (but not upwind) also hint at a role for this mechanism. However, the role of such low-level growth is uncertain at best, since Z e profiles in the lowest 600 m AGL are not available over Tug Hill, and only occasional rimed particles were observed at NR during IOP2b.
Observations at lowland sites indicate a near-surface (below 600 m AGL) suppression of echo frequency and Figs. 8b, 13, 17b, 19) . These observations are supported by airborne profiling W-band cloud radar data collected by the Wyoming King Air during IOP2b (not shown). This may be a signature of subcloud sublimation reducing snowfall near the coastline and over the lake (Fig. 2c) . However, nearly saturated low-level air during snowfall observed by soundings (Fig. 3 ) and surface observations (not shown) seem to suggest a limited role for sublimation. Still, moist near-surface conditions may, in part, be a result of sublimation. For sublimation to suppress surface snowfall over an extended period, a continued supply of dry air is needed to maintain subsaturated conditions. This may be supplied by lateral influxes into the storm of the low-level dry air seen in environmental soundings (Fig. 3) . A more quantitative assessment of the role of sublimation will require detailed analysis of moisture budgets and air parcel trajectories. If sublimation is important at lowland sites, a suppression of sublimation by orographic uplift and reduction in the depth of the subcloud layer may help to explain the relative snowfall enhancement over Tug Hill (Fig. 2c) . The lack of low-level Z e observations at sites on Tug Hill limits our ability to critically test this hypothesis. Timescales associated with precipitation fallout and the dynamical response to changes in surface fluxes may allow advection to shift the snowfall maximum downwind of the location of maximum surface forcing of convection. This may help explain why snowfall maximizes inland over Tug Hill even though convective forcing is greatest near the shoreline (Fig. 2f) . The elevated maximum in Z e that occurs over upwind locations but not over Tug Hill may be associated with large quantities of snow generated near the coast that descends as it moves inland to reach the ground over Tug Hill. Again, we are limited in our ability to further test this hypothesis in part because of our lack of low-level observations of Z e over Tug Hill. Further analysis will require detailed consideration of hydrometeor trajectories.
Summary and conclusions
A pronounced snowfall maximum exists to the east of Lake Ontario, inland over the 600-m-high Tug Hill Plateau, a region frequently impacted by intense lakeeffect snow storms. As lake-effect convection moves inland, it is affected by the transition from water to land and orographic uplift. This study utilized profiling radar observations from the OWLeS field campaign, including an east-west-oriented transect of four K-band Micro Rain Radars, to investigate the inland evolution of lakeeffect convection over Tug Hill.
During OWLeS IOP2b, lake-effect convection produced 6.4-cm liquid equivalent snowfall at north Redfield (NR) on the western margin of Tug Hill in a 24-h period. This contrasted with only 3.4 cm just 20 km east at Sandy Creek (SC), closer to the Ontario shoreline. During this event, the KTYX WSR-88D indicated an increase in echo frequency over Tug Hill relative to the shoreline region. MRR observations indicated echoes were confined by a capping inversion near 3.5 km MSL. The equivalent reflectivity factor Z e in these echoes was strongest below 2 km MSL. X-band profiling radar (XPR) observations collected at SC reproduce a similar time-height vertical structure recorded by the collocated MRR. Data from the XPR indicate a larger Z e than the MRR below 2 km MSL, potentially because of non-Rayleigh scattering of the MRR beam associated with large snowflakes. Below 600 m MSL, the XPR shows a decrease in Z e toward the surface.
MRR profiles indicate that the inland enhancement of snowfall totals was not due to orographic invigoration of convection; there was no inland increase in the depth or intensity of lake-effect convection observed. Instead, FIG. 19 . Comparison of median and IQR of profiles from XPR and MRR at SC (as in Fig. 13b ). (a)-(d) Different time periods, as defined in Table 4. with increasing inland distance, echoes become less intense, more uniform, more frequent, less turbulent, and less effective at lofting snow. This evolution is similar to the convective-to-stratiform transition that often occurs with deep convection. The relative roles of other mechanisms in producing the Tug Hill snowfall maximum remain uncertain. An inland increase in echo frequency appears to contribute to the Tug Hill snowfall enhancement and may be related to orographic initiation of convective or stratiform precipitation. Low-level suppression of Z e at upwind sites may be a signature of subcloud sublimation or hydrometeor lofting and inland advection.
Multistorm statistics from 29 lake-effect events observed by MRRs at a coastal site (SIB) and at NR demonstrate that the inland weakening of convection, convective-to-stratiform transition, and increase in echo frequency observed during IOP2b are robust features, common to most storms. Four events that include XPR data at SC all indicate a suppression of Z e beneath about 600 m MSL (a feature also seen at SIB), suggesting that this is also a common feature upwind of Tug Hill.
The data presented here are inconsistent with one hypothetical mechanism that attempts to explain the inland evolution of lake-effect snowfall (orographic invigoration of convection) and provide constraints on others. However, these results do not allow for a complete diagnosis of the relevant mechanisms. Further hypothesis testing will require a more detailed accounting of cloud dynamics and microphysical processes utilizing other datasets collected during OWLeS and numerical modeling experiments.
